BACKGROUND: Ketamine exerts rapid and robust antidepressant effects thought to be mediated by activation of the mechanistic target of rapamycin complex 1 (mTORC1). To test this hypothesis, depressed patients were pretreated with rapamycin, an mTORC1 inhibitor, prior to receiving ketamine.
INTRODUCTION
Ketamine is an N-methyl-D-aspartate receptor (NMDAR) antagonist that exerts rapid and robust antidepressant effects (1, 2) . The antidepressant effects may emerge within hours of a single dose, but without additional ketamine doses, relapse typically occurs in 3-14 days (3) (4) (5) . Ketamine and its metabolites are believed to exert antidepressant effects primarily by inducing a prefrontal glutamate neurotransmission surge leading to activation of synaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid glutamate receptors (AMPAR), which increases brain-derived neurotrophic factor (BDNF) levels, enhances stimulation of TrkB receptors, activates the mechanistic target of rapamycin complex 1 (mTORC1), and produces synaptogenesis (6) (7) (8) (9) . Several preclinical studies have shown that ketamine administration increases mTORC1 signaling (10) (11) (12) (13) , but there are non-replications of this finding (14) . Most importantly, a single infusion of rapamycin into the medial prefrontal cortex (mPFC) prior to ketamine injection in rodents was reported to block the neuroplasticity and antidepressantlike effects of ketamine (10, 15 ).
The current study tested the hypothesis that the antidepressant effects of ketamine are mediated by activation of mTORC1. This hypothesis was tested by evaluating whether the antidepressant effects of ketamine were blocked by pretreatment with the mTORC1 inhibitor, rapamycin. Following an experimental paradigm derived from animal research paradigms (10, 15) , we attempted to demonstrate in patients the observation that rapamycin blocks the antidepressant-like effects of ketamine (10, 15) .
In attempting to test the mTORC1 hypothesis of ketamine effects, we were aware of a major potential confound related to the anti-inflammatory effects of rapamycin. Neuroinflammation is increasingly implicated in the biology of depression, and anti-inflammatory effects of ketamine and other antidepressants may contribute to their antidepressant efficacy (16) (17) (18) (19) (20) . Rapamycin is a powerful anti-inflammatory medication. Nonetheless these anti-inflammatory effects might augment those of ketamine, subsequently enhancing treatment efficacy. To detect possible synergistic effects, we followed patients for two weeks after each ketamine dose.
Using a randomized placebo-controlled crossover design, rapamycin was administered as a single 6 mg dose prior to ketamine infusion. The rapamycin dose and timing were selected based on the drug pharmacokinetics to ensure, at the time of ketamine administration, blood concentration of 5 to 20 ng/mL, a level that exhibits potent immunosuppression (21) . Consistent with the hypothesized mechanism of action of ketamine, we predicted that rapamycin would reduce the antidepressant effects of ketamine.
METHODS AND MATERIALS

Study Design
All study procedures were approved by an institution review board and all participants completed an informed consent process prior to enrollment (Clinical-Trials.gov: NCT02487485). A data and safety monitoring board (DSMB) oversaw the study protocol and monitored the study progress. The clinical trial included two study phases (I & II). In phase I, 3 participants received open-label rapamycin (a.k.a. sirolimus) followed 2 hr later by open-label ketamine. Participants remained on the research unit for at least 10 hr following the administration of rapamycin and were discharged upon clearance by the covering physician. The aim of phase I was to assess the safety and feasibility of the co-administration of rapamycin and ketamine.
In phase II, 23 participants were randomized to first receive either rapamycin or placebo, followed 2 hours later by open-label ketamine (See CONSORT Diagram in Supplements). Phase II was double-blind, placebo-controlled, cross-over design with at least 2 weeks between Infusion 1 (i.e., 1 st treatment day) and Infusion 2 (i.e., 2 nd treatment day). Depression severity no less than 20% of baseline was required prior to proceeding with Infusion 2. Participants who received placebo on Infusion 1 received rapamycin on Infusion 2, and vice-versa. Both study phases used a singledose of 6mg rapamycin liquid form diluted in orange juice to maintain the blinding and ketamine 0.5mg/kg intravenously infused over 40 min. Ketamine administration and monitoring was comparable to previous studies (1, 2, 22) .
Participants were assessed up to 2 weeks following each Infusion. Assessment measures included: 1) the Mini International Neuropsychiatric Interview (MINI) to determine the diagnosis, 2) Montgomery Åsberg Depression Rating Scale (MADRS) as primary outcome of depression severity, 3) Quick Inventory of Depressive Symptoms (QIDS) and Hamilton Anxiety Rating Scale (HAMA) as secondary measures of depression and anxiety severity, respectively, 4) Clinician Administered Dissociative States Scale (CADSS) and Positive and Negative Symptom Scale (PANSS), as safety measures of the psychotomimetic effects of ketamine, 5) rapamycin level immediately before starting ketamine and at the end of the ketamine infusion, and 6) high-sensitivity C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) prior to randomization to examine whether baseline inflammatory markers affect the antidepressant effects.
Study Criteria
The study enrolled subjects between the age of 21 and 65 years. Participants were 1) diagnosed with current major depressive episode, 2) had a history of nonresponse to at least one adequate antidepressant trial, 3) were unmedicated or on a stable antidepressant or psychotherapy for at least 4 weeks, 4) had a MADRS ³ 18 prior to randomization, 5) females were not pregnant or breastfeeding and were on a medically acceptable contraceptive method, 6) were able to read, write, and provide written informed consent, 7) did not have psychotic disorder or features, or manic or mixed episodes, 8) did not have an unstable medical condition, 9) did not require prohibited medications (see Table  S1 in Supplements), 9) did not have urine drug screen positive for cannabis, phencyclidine, cocaine, or barbiturates, 10) had no substance dependence within 3 months, 11) had no sensitivity to rapamycin, ketamine, or heparin, and 12) had resting blood pressure higher than 85/55 and lower than 150/95 mmHg, and heart rate higher than 45/min and lower than 100/min.
Statistics
Descriptive statistics (means, standard deviations and frequencies) were calculated prior to statistical analysis. Data distributions were checked using normal probability plots. The study a priori primary outcome was MADRS. Secondary outcomes included QIDS and HAMA, for depression and anxiety, respectively. Safety outcomes included CADSS and PANSS. Outcome variables were analyzed using mixed models with fixed effects of treatment (rapamycin vs. placebo), time (appropriate time points during Infusions 1 and 2), the interaction between treatment and time, and order (placebo first vs. rapamycin first). The bestfitting variance-covariance structure for each model was selected based on the Schwartz' Bayesian Information criterion. Interactions between order and the other factors were checked for significance but not included in the final models for parsimony. Similarly, the effects of the variables CRP and ESR (log-transformed) were checked for significance but since nonsignificant were dropped from the final models. Posthoc tests were used to interpret significant effects in the models: comparisons of treatment conditions by time-point for significant rapamycin by time interactions, and pairwise comparisons of time points for significant main effects of time. Least square means and standard errors by treatment and time, and by time were used for visualization of results. Response was defined as 50% improvement and its rate was compared between treatments using McNemar test. Effect size (Cohen's d`) was calculated as the mean of the within-subject difference over its standard deviation. Correlation analyses explored the relationship between rapamycin level and improvement in depression severity.
The sample size was targeted based on feasibility within the 3-year funding available for this discovery phase project. Initially, we aimed to randomize 30 subjects in 3 years. However, we had a 1-year delay in starting randomization due to the addition of Phase 1 and the need for an investigational new drug exemption, both of which were requested by the institution review board. Thus, we were able to randomize a total of 23 patients in 2 years. Following randomization, one participant was excluded from the primary analysis due to receiving high dose hydrocortisone the night before randomization and the DSMB was informed accordingly. The decision to exclude the participant was made prior to compiling and unblinding the study data. However, for full transparency, a secondary analysis including this participant was conducted and reported in the Supplements. The results were found to be comparable to those of the primary analysis.
RESULTS
Participants
As detailed in the CONSORT Flow Diagram (see Supplements), 23 of the 57 assessed for eligibility were randomized and 20 participants were included in
Figure 1. The Study Drug Effect on Montgomery Åsberg Depression Rating Scale (MADRS). (A)
There is a significant main effect of time (F(8,245) = 43.5, p < 0.0001), demonstrating significant decrease in MADRS scores from baseline. There is also significant interaction between treatment and time (F(8,245) = 2.0, p = 0.04), with overall reduction in depression scores following treatment with rapamycin+ketamine (Rapamycin; blue line), compared to post placebo+ketamine (Placebo; red line). (B) Response rate was significantly higher following treatment with rapamy-cin+ketamine (Rapamycin; blue), compared to post placebo+ketamine (Placebo; red). NOTES: Response was defined as 50% improvement in MADRS from baseline; Error bars are standard errors of mean (SEM); d` = Cohen's d` effect size compared to pretreatment MADRS scores; Comparison at each time point is marked with * for p ≤ 0.05 and t for p = 0.12; the analysis (2 subjects did not meet study criteria the morning of the first treatment day, and 1 subject received high dose hydrocortisone the night of the treatment day). The 20 participants were 8 men and 12 women, with mean (±SEM) age = 42.8 (±2.8) years, BMI = 27.2 (±1.3) kg/m 2 , CRP = 2.4 (±0.8) mg/L, ESR = 11.5 (±2.3) mm/hr, pre-infusion rapamycin = 26.5 (±2.4) ng/mL, and post-infusion rapamycin = 9.9 (±1.0) ng/mL.
Treatment Effects on MADRS
MADRS was selected a priori as the primary outcome. There was a statistically significant interaction between treatment and time (F(8,245) = 2.0, p = 0.04, Fig. 1A) , with significant differences between rapamycin and placebo at day 3 (p = 0.04), and at day 5 (p = 0.02). There was also a significant main effect of time (F(8,245) = 43.5, p < 0.0001), demonstrating significant decrease in MADRS scores from baseline, with the highest numerical mean difference achieved at 24 hr (17.5±1.4) and then gradually reduced until 2 weeks (8.5±1.7). However, the mean MADRS scores at 2 weeks remained significantly lower than baseline following both placebo (Cohen's d` = 0.5; mean difference (±SEM) = 5.7 (±2.5), t(245) = 2.3, p = 0.02) and rapamycin treatments (Cohen's d` = 1.0; mean difference (±SEM) = 11.4 (±2.4), t(245) = 4.7, p < 0.0001; Fig.  1A ). There was no significant main effect of treatment (F(8,245) = 1.4, p = 0.24) and the effects of the variables CRP and ESR were non-significant (p > 0.1). The response rates at 2 weeks were 13% following placebo and 41% following rapamycin treatment (p = 0.04; Fig. 1B ).
Treatment Effects on QIDS and HAMA
There was a significant main effect of time on QIDS (F(8,236) = 7.1, p < 0.0001; Fig. S1 ), demonstrating significant decrease in QIDS scores from baseline, with the highest numerical mean difference achieved at day 3 (5.2±1.2) and then gradually reduced until 2 weeks (2.1±1.1). The mean QIDS scores at 2 weeks remained significantly lower than baseline following rapamycin treatment (Cohen's d` = 0.5; mean difference (±SEM) = 3.5 (±1.5), t(236) = 2.4, p = 0.02), but not following placebo (Cohen's d` = 0.1; mean difference (±SEM) = 0.7 (±1.5), t(236) = 0.5, p = 0.64; Fig.  S1 ). There was no significant main effect of treatment (F(8,236) = 0.3, p = 0.57) or interaction between treatment and time (F(8,236) = 0.5, p = 0.87).
There was a significant main effect of time on HAMA (F(4,141) = 31.2, p < 0.0001), demonstrating significant decrease in HAMA scores from baseline, with the highest numerical mean difference achieved at 4 hr (9.9±1.0) and then gradually reduced until 2 weeks (3.0±1.2). The mean HAMA scores at 2 weeks was not significantly different compared to baseline following both placebo (Cohen's d` = 0.4; mean difference (±SEM) = 3.0 (±1.8), t(141) = 1.6, p = 0.11) and rapamycin treatments (Cohen's d` = 0.4; mean difference (±SEM) = 3.1 (±1.7), t(141) = 1.9, p = 0.07). There was no significant main effect of treatment (F(1,141) = 0.2, p = 0.68) or interaction between treatment and time (F(4,141) = 0.7, p = 0.63).
Adverse Effects
There was a significant main effect of time on CADSS (F(2,95) = 18.9, p < 0.0001), demonstrating significant increase in CADSS scores during infusion, which returned to baseline 2 hr post infusion (Fig. 2 ). There was no significant main effect of treatment (F(2,95) = 0.2, p = 0.67) or interaction between treatment and time (F(2,95) = 0.5, p = 0.60).
There was a significant main effect of time on PANSS-positive (F(2,82) = 11.3, p < 0.0001), demonstrating significant increase in PANSS-positive scores during infusion, with significant reduction 2 hr post infusion (Fig. 2) . There was no significant main effect of N) . Error bars are standard errors of mean (SEM); Comparisons to pretreatment scores are marked with **** for p ≤ 0.0001, *** for p ≤ 0.001, * for p ≤ 0.05 and t for p = 0.10. treatment (F(2,82) = 0.3, p = 0.57) or interaction between treatment and time (F(2,82) = 1.9, p = 0.15). There was a significant main effect of time on PANSS-negative (F(2,82) = 11.9, p < 0.0001), demonstrating significant reduction 2 hr post infusion (Fig. 2 ). There was no significant main effect of treatment (F(1,82) = 0.2, p = 0.68) or interaction between treatment and time (F(2,82) = 0.3, p = 0.73).
Participants in Phase 1 tolerated the combination treatment with no serious or unexpected adverse events. The study drug effects were clinically comparable to previous ketamine studies and there was no need for the extended monitoring of 10 hr. Therefore, we proceeded with the Phase 2 double-blind randomization and participants were discharged with transportation to home after medical clearance and completion of the last assessment on each treatment day. The adverse events during Phase 2 are reported in Table S2 . There were no serious adverse events. New onset adverse events were mostly mild and transient. There were no reports of persistent adverse events. The most frequent adverse events were fatigue, headaches, nausea and pain. A total of 37 events were reported, 21 of which were reported by 4 participants.
DISCUSSION
This study yielded two surprising, but potentially important, clinical observations. First, this study failed to validate the prediction from preclinical studies (10, 15) in that rapamycin pretreatment did not reduce the acute antidepressant effects of ketamine. Second, rapamycin pretreatment tripled the response rate at 2 weeks, suggesting that this treatment approach may prolong the antidepressant effects of ketamine. This conclusion is supported by the statistically significant drug by treatment interaction effect on the primary outcome MADRS, showing overall larger reduction in depression scores following rapamycin pretreatment (Fig. 1A) . Additionally, the Cohen's d` effect size at 2 weeks post rapamycin was 1.0, compared to 0.5 following placebo pretreatment (Fig. 1A) . Moreover, the reduction in QIDS scores (secondary outcome) at 2 weeks were significant following rapamycin, but not placebo pretreatment. This unanticipated finding is highly important considering the urgent need for treatment approaches to prolong the antidepressant effects of ketamine and other rapid-acting antidepressants. While infusions of ketamine 2 to 3 times per week have been shown to afford clinical benefit, less frequent administration is preferable to reduce the patient burden, adverse events, and drug abuse liability. Additionally, rapamycin pretreatment appears to have no effects on the anxiolytic or the psychotomimetic effects of ketamine. This suggests that the prolongation of the antidepressant effects of ketamine was not a consequence of changes in the subjective response to ketamine. Overall, rapamycin and ketamine were well tolerated with no serious adverse events.
Why are the antidepressant effects of ketamine transient and why are these effects prolonged by rapamycin? Briefly, one possibility suggested by this study is that ketamine treats depression without resolving underlying processes, such as neuroinflammation, that produce synaptic elimination and undermine antidepressant effects of ketamine. This hypothesis presumes that the expression of the antidepressant effects of ketamine depends upon sustaining the newly made synapses (6) . The anti-inflammatory effects of rapamycin may protect these synapses and thereby extend the antidepressant effects of ketamine. A second hypothesis is a variant of the first in proposing that rapamycin may affect a homeostatic mechanism governing synaptic density. Both the detrimental effects of stress and the positive effects of ketamine upon synaptic density are transient, suggesting that these networks tend toward a stable level of synapses (23) .
The synaptic model of depression is based on preclinical evidence that trauma and stress induce depression-like behavior along with a reduction in prefrontal synaptic density, and that both abnormalities are reversed by ketamine administration (10, 15) . Paralleling the preclinical findings, the evidence of prefrontal dysconnectivity in depression and normalization following ketamine treatment was also demonstrated in humans at the networks level (24) (25) (26) . Yet, there are two critical observations of the synaptic model of stress that are less discussed and investigated. The first observation is that the stress-induced reduction in synaptic density is reversed to baseline within 2-4 weeks of stress cessation. The second observation is that the ketamine-induced increase in synaptic density also returns to baseline within 2 weeks of treatment (review in (6)). Together, this data raises the possibility of a subject-/region-specific synaptic density set point, highlighting the role of synaptic density stabilization in normal brain function as well as a target for treatment development. In the context of depression treatment, rather than administering ketamine repeatedly to increase synaptic density, ketamine might be administered to induce the reversal of synaptic density deficit and a complimentary drug might also be administered to ensure synaptic density stabilization at a new set point, and to prevent relapse.
The current study is unable to determine the mechanisms through which rapamycin prolonged the RAAD effects of ketamine. However, based on current understanding of the mechanisms of RAADs and rapamycin, a speculative model was developed to be tested in future studies. We hypothesize that the single rapamycin administration may have induced a transient synaptic density stabilization. Preclinical studies demonstrate that ketamine induction of synaptic density lasts for 7-10 days, which is paralleled by RAAD effects lasting 7-14 days (10, 27) . We hypothesize that rapamycin increases the stabilization of synaptic density stabilization for 3-5 days, which extended the RAAD effects of ketamine in a subgroup of treated patients. Notably, the half-life of rapamycin is approximately 60 hr and the administered rapamycin dose is expected to yield blood concentration that is approximately 1 ng/mL at days 3 to 5 (28) . Our current working model is that the immunosuppressant actions of rapamycin induced synaptic density stabilization by reducing neuroinflammation. Disruption in the immune system has long been implicated in the pathology of depression, it remains to be seen in future mechanistic studies whether targeting this system may yield normalization of the synaptic density set point.
Limitations and Strengths
As a first-in-humans study, the study sample was based on feasibility and funding availability rather than a priori knowledge of effect size. In addition, we were able to randomize patients for 2 years only, instead of 3 years due to the addition of Phase 1. Therefore, the lack of treatment by time interaction for QIDS may be the result of insufficient power to demonstrate a significant effect on this self-report measure of depression severity, which tends to have higher variability. Consistent with this possibility, the QIDS Cohen's d` effect size at 2 weeks post rapamycin was 0.5, compared to only 0.1 following placebo treatment (Fig.  S1 ). Based on our observation in Phase 1, we did not ask the participants to guess their treatment in Phase 2, as it was evident that the patients were unable to identify a rapamycin taste in the juice and the side effects were comparable to those seen in previous ketamine studies. Future studies may consider the benefit of adding an objective measure to determine the efficacy of the blinding.
A main strength of the study is the attempt to investigate an essential mechanistic pathway, that has been so far implicated in the pathology and treatment of depression based primarily on preclinical evidence. The results did not support the preclinical data, possibly due to the difference in route of drug delivery (i.e., preclinical studies used intracerebral infusion of rapamycin into the mPFC). Other strengths of the study include a double-blind randomized placebo-controlled design. The cross-over also afforded a within subject comparison, further highlighting the contrast between the two treatments. Finally, the fact that the immune system is involved in both depression pathology as well as in resilience and depression recovery (29) creates a major challenge in the field, emphasizing the need to target a "sweet spot" that will oppose the negative effects of inflammation while avoiding the inhibition of its neuroregulatory function (29) . Therefore, an essential strength of the study is the use of combined therapy, instead of monotherapy or add-on approaches that were used in the past (18) . If successfully developed as one drug administration every 7-14 days, combined therapy will overcome many of the shortcomings of anti-inflammatory monotherapy/add-on approaches, including: 1) lower burden and less adverse effects compared to daily use of drugs, and 2) the effect appears to be independent of pretreatment exaggerate inflammatory state (i.e., no CRP or ESR effects), which appears to be necessary for successful monotherapy/add-on approaches (30) .
CONCLUSION
The administration of a single dose of rapamycin, reaching blood levels known to induce potent immunosuppression, does not inhibit the RAAD effects of ketamine. Intriguingly, the immunosuppressant rapamycin prolonged the antidepressant effects of ketamine and tripled the response rate at 2 weeks following treatment. To date, preclinical and clinical studies based on the synaptic model of depression have largely focused on the transient alteration in synaptic density. Future studies providing greater insight into the mechanisms of synaptic density stabilization and approaches to alter the putative synaptic density set point may provide novel target for drug development and could ultimately lead to depression cure rather than treatment.
ACKNOWLEDGMENTS
The authors would like to thank the individuals who participated in this study and the members of the data and safety monitoring board (DSMB) who have overseen the study protocol and progress. The authors also thank the Emerge Research Program staff and the nurses and lab staff of the Biostudies Unit for the invaluable expertise in conducting this trial. Funding and research support were provided by Pfeiffer Foundation, NIMH (K23MH101498), and the VA National Center for PTSD, the CT Department of Mental Health and Addiction Services and Yale-New Haven Health. The content is solely the responsibility of the authors and does not necessarily represent the official views of the sponsors, the Department of Veterans Affairs, NIH, or the U.S. Government.
CONFLICT OF INTERESTS
Dr. Abdallah has served as a consultant and/or on advisory boards for Genentech, Janssen and FSV7, and editor of Chronic Stress for Sage Publications, Inc.; Filed a patent for using mTORC1 inhibitors to augment the effects of antidepressants (filed on Aug 20, 2018 
Additional Analyses
Here we repeated the primary analysis after including the subject who was excluded because of taking a large dose of hydrocortisone the night of treatment day, investigating the effects of the study drug on the primary outcome, Montgomery Åsberg Depression Rating Scale (MADRS). The results were similar to those found in the primary analysis. There was a statistically significant interaction between treatment and time (F(8,261) = 2.3, p = 0.02). There was also a significant main effect of time (F(8,261) = 49.0, p < 0.0001). There was no significant main effect of treatment (F(8,261) = 1.4, p = 0.25).
Figure S1. The Study Drug Effect on Quick Inventory of Depressive Symptoms (QIDS).
There is a significant main effect of time on QIDS (F(8,236) = 7.1, p < 0.0001), demonstrating significant decrease in QIDS scores from baseline following treatment with either ra-pamycin+ketamine (Rapamycin; blue line) or pla-cebo+ketamine (Placebo; red line). There is no statistically significant interaction between treatment and time (F(8,236) = 0.5, p = 0.87). Error bars are standard errors of mean (SEM); d` = Cohen's d` effect size compared to pretreatment QIDS scores; Strong inducers (e.g., rifampin, rifabutin) and strong inhibitors (e.g., itraconazole, erythromycin, telithromycin, clarithromycin) of CYP3A4 and P-gp Prohibited 2-weeks prior to randomization and for 3 months after completing the study.
Prohibited 2-weeks prior to randomization and throughout the study.
Permitted with restrictions*
Benzodiazepines (stable dose)
Modulators of CYP3A4 and P-gp; drugs that could increase sirolimus blood concentrations (e.g., bromocriptine, cimetidine, cisapride, clotrizamole, danzol, diltiazem, fluconazole, protease inhibitors, metoclopramide, nicardipine, troleandomycin, verapamil); drugs and other agents that could decrease sirolimus levels (e.g., carbamazepine, phenobarbital, phenytoin, rifapentine, St. John's Wort); drugs with concentrations that could increase when given sirolimus (e.g., verapamil).
Benzodiazepines are permitted only if the patient has been taking a stable regimen and dose at least 4 weeks prior to randomization. The dosage prior to randomization should be no more than Clonazepam maximum dose 3 mg/day or equivalent. For patients reporting significant treatment-emergent nervousness, restlessness, and/or akathisia, study clinicians are allowed to increase the dose of the concomitant benzodiazepine anxiolytic up to additional clonazepam 1 mg/day equivalents.
Permitted only at the discretion of the prescriber after careful review of concomitant medications.
Notes: Sedatives, hypnotics, benzodiazepines, sedating antihistamines or other psychotropic medications were not permitted within 8 hours of treatment sessions; except -at the discretion of the investigator -for medications that will results in discontinuation/withdrawal symptoms or that may alter the risk benefit ratio.
